Heterotopic ossification (HO) involves the formation and accumulation of extraskeletal bone tissue at the expense of local tissues including muscles and connective tissues. There are common forms of HO that are triggered by extensive trauma, burns and other bodily insults, and there are also rare congenital severe forms of HO that occur in children with Fibrodysplasia Ossificans Progressiva or Progressive Osseous Heteroplasia. Given that HO is often preceded by inflammation, current treatments usually involve anti-inflammatory drugs alone or in combination with local irradiation, but are not very effective. Recent studies have provided novel insights into the pathogenesis of acquired and genetic forms of HO and have used the information to conceive and test new and more specific therapies in animal models. In this review, I provide salient examples of these exciting and promising advances that are undoubtedly paving the way toward resolution of this debilitating and at times fatal disease. 
Introduction
Heterotopic ossification (HO) consists in the formation of bone tissue at extraskeletal anatomical sites at the expense of local tissues, including muscles and connective tissues [1, 2] . Because of their size and locations, the HO masses can hamper routine body functions and physical mobility and lead to chronic pain, joint ankylosis, pressure ulcers, venous thrombosis and other health complications [3] . One form of HO is acquired and common and is triggered by extensive trauma, invasive surgeries, spinal cord and brain injuries, protracted immobilization or deep burns [3] [4] [5] . The pathogenesis of acquired HO is not clear, but it is thought that the severe local inflammation triggered by the above and encompassing physical insults would lead to recruitment of progenitor cells, release of as yet unclear pro-skeletogenic factors, derangement of normal tissue repair processes, and formation of heterotopic bone [6] [7] [8] [9] . There are also congenital, very severe but rare forms of HO that occur in children with Fibrodysplasia Ossificans Progressiva (FOP) (OMIM 135100) or Progressive Osseous Heteroplasia (POH) (OMIM 166350) [10 ] . Patients with FOP carry mildly-activating mutations in ACVR1 that encodes the cell surface type I bone morphogenetic protein (BMP) receptor ALK2 (activin receptor-like kinase 2) [11 ] . Several mutations have been identified so far and they all cluster in the intracellular glycineserine-rich (GS) domain of ALK2, with the most common mutation being ACVR1
R206H that characterizes patients with classic FOP [12] . With regard to POH, patients carry inactivating mutations in GNAS that encodes Ga s , an intracellular protein that mediates and elicits signals from G protein-coupled receptors (GPCRs) [13, 14] . The congenital mutations in FOP and POH are thought to subvert normal homeostatic and cell differentiation mechanisms, leading progenitors to activate skeletogenic processes and causing formation of ectopic endochondral or intramembranous bone, respectively [10 ] . Both acquired and congenital forms of HO remain clinical challenges since no truly effective treatments have been created so far [15, 16] . In this review, I will describe basic aspects of HO development and exciting novel pathogenic findings from recent studies that have been instrumental in the conception and testing of new treatments in animal studies and in an ongoing phase 2 clinical trial for FOP.
HO development
The initiation and growth of injury-induced or surgeryinduced HO tissue masses most often occur via, and replicate, the endochondral ossification process by which the majority of skeletal elements normally form and grow during prenatal and postnatal life [17, 18] . The same endochondral process invariably mediates HO formation in FOP patients [19] . During that multistep developmental process, preskeletal mesenchymal cells undergo condensation and differentiate into chondrocytes that lay down and assemble the cartilaginous rudiments of future skeletal elements. The neoformed chondrocytes become organized into growth plates with typical zones of proliferation, maturation and hypertrophy that sustain growth, expansion and elongation of the skeletal elements and eventually permit the replacement of mineralized hypertrophic cartilage with endochondral bone and marrow. All these steps are recapitulated in the above forms of HO following local inflammation, though tissue and zone structure and configuration are not as distinct and well defined as those in a standard growth plate. In contrast, HO formation in POH as well as in the related disorder Albright Hereditary Osteodystrophy (OMIM 103580) occurs via intramembranous ossification [10 ] . This process normally subtends the formation of a few skeletal elements including calvaria and mandible, and entails the direct differentiation of condensed mesenchymal cells into osteoblasts without an intermediate cartilaginous step [18] . Much is known about the cellular and molecular mechanisms that regulate the development of chondrocytes and osteoblasts and the processes of endochondral and intramembranous ossification [18, [20] [21] [22] [23] . Major regulators involved in these developmental pathways are schematically depicted in Figure 1 . For example, it is well established that the commitment and differentiation of preskeletal mesenchymal cells toward chondrogenesis and endochondral ossification are promoted by: hypoxia; BMP signaling (acting via canonical phosphorylated SMAD1/5/8 signaling); and transcription factors such as SOX trio and unliganded retinoic acid receptors (RARs) [18, 20, 24 ]. On the other hand, progenitor cell differentiation toward osteogenesis and bone formation are promoted by: Wnt/b-catenin signaling; nuclear factors such as Runx2 and Osterix; and vascularization [18, 25 ]. Such extensive knowledge has been, and continues to be, of fundamental value and relevance for the conception and design of possible treatments for HO, as elaborated below.
Treatments for acquired HO
Current treatments for acquired HO include systemic administration of non-steroidal anti-inflammatory drugs (NSAIDs), prophylactic low-dose irradiation limited to the involved site, or a combination of both [16, 26] . NSAIDs inhibit the production and release of both physiologic and inflammatory prostaglandins [27] , and animals treated with the NSAID drug indomethacin exhibited more resistance to experimental HO (triggered by injury or intramuscular injection of recombinant BMPs) and displayed lower local skeletogenic cell differentiation [28, 29] . Irradiation of the affected site is believed to act broadly and influence mesenchymal cells (MSCs) present in local injured tissues, altering their functioning and/or survival and eventually reducing their ability to undergo skeletogenic differentiation [26, 30, 31] . Such standard common treatments are associated with decreases in HO incidence, but are not always effective and cannot be given to certain patients such as severelywounded soldiers because of their often extensive wounds and other combat-related injuries [32] . In addition, NSAIDs often elicit side effects that include gastrointestinal pain and ulceration, renal toxicity and lower platelet function [26] that affect patient compliance [33] . Surgery is also used to remove the HO tissue masses, but it requires further hospitalization and can cause complications including infections, blood loss and even another round of HO [5, 34] . It is important to note that these current treatments are generic and do not target specific steps in the skeletogenic processes, possibly limiting effectiveness and applicability and eliciting side effects. Thus, recent new studies such as those described below have shifted away from those general approaches and have aimed to target specific steps in HO development.
To identify new culprits and pathways involved in HO, Peterson et al. [35] collected surgical discard specimens of adipose tissue and adipose-derived MSCs from over 200 burn patients within 3 days from injury; adipose tissue and cells from 35 unaffected individuals served as controls. Global gene array expression analyses revealed that canonical pSMAD1/5/8 signaling and RUNX2 expression were significantly increased in samples from burn patients compared to controls, and there was also a direct link between pSMAD1/5/8 signaling and adenosine receptors. Because purinergic receptors have been implicated in bone development [36, 37] , the data indicated that both BMP signaling and ATP activity may play roles in burn-induced HO. To test this thesis, the authors created a mouse model of HO that combined dorsal scalp burn with Achilles tenotomy and elicited tendon-associated HO (forming via endochondral ossification) after 4-8 weeks. As in burn patients, the authors found that adipose tissue-derived MSCs harvested soon after burn injury displayed higher levels of both canonical BMP signaling and ATP and greater osteogenic capacity compared to control cells. Extracellular ATP levels could have affected intracellular production of cyclic AMP levels that when high, can inhibit SMAD1/5/8 phosphorylation and osteogenic differentiation [38] . To test relevance to HO, mice receiving burn and tenotomy were treated with apyrase at the burn site to cleave ATP (and thus increase adenosine levels and cyclic AMP production) and were then monitored for HO development over time. Companion mice receiving no apyrase treatment developed extensive HO in their injured Achilles tendon, whereas those treated with apyrase displayed reduced levels of BMP signaling and RUNX2 expression, lower amounts of HO, and improved range-of-motion in the operated limb [35] . The study reveals systemic consequences following HO-eliciting burn injuries and suggests that remote ATP hydrolysis via local apyrase treatment at the burn site may represent a therapy for HO.
Neurological HO is a frequent pathology observed in 10-20% of patients with traumatic spinal cord and brain injuries [5, 39] . Genet et al. [40] recently created the first mouse model of spinal cord injury-induced HO that involves spinal cord transection between T7 and T8 combined with cardiotoxin-induced hamstring muscle injury, using 5-6 week-old mice. Intramuscular HO readily developed in the operated mice, but only in those subjected to both spinal cord and muscle injury. Serum from the affected mice stimulated osteogenic cell differentiation in MSC cultures without addition of other stimulating factors. Substance P was present in high amounts in the serum of affected mice, but treatment with a substance P receptor antagonist did not elicit a major decrease in HO. On the other hand, pharmacologic ablation of phagocytic macrophages reduced the amount of HO by nearly 90%. The data indicate that a combination of neurological damage and tissue inflammation drives HO development and that treatments targeting both inflammation and macrophage function could represent more effective methods against HO.
Hypoxia stimulates chondrogenic cell differentiation [41 ,42] , a reflection of the fact that embryonic preskeletal cell condensations are devoid of blood vessels and that forced induction of blood vessels blocks chondrogenesis and skeletogenesis [43] . Hypoxia inducible factor-1a
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Schematic describes the major developmental steps that underlie the differentiation of preskeletal mesenchymal cells toward endochondral (right) and intramembranous (left) ossification. Multiple distinct mechanisms control fate determination and commitment of the progenitor cells to either developmental pathway, including hypoxia and retinoid and Wnt/b-catenin signaling that are particularly relevant to studies discussed in this review article. In many if not all respects, these developmental pathways are recapitulated in the formation of endochondral and intramembranous masses of HO tissue. Thus, specific steps and factors involved in each developmental pathway are being tested and exploited as possible and reasonable therapeutic targets for acquired and/or congenital forms of HO (as described in the text). Note that factors and pathways mediating the transition from mineralized hypertrophic cartilage to endochondral bone are very similar to those regulating osteogenic differentiation (listed on the left). BMP, bone morphogenetic protein; HIF, hypoxia-inducible factor; RAR, retinoic acid receptor; ul-RAR, unliganded RAR; PTHrP, parathyroid hormone-related protein; IHH, Indian hedgehog; APase, alkaline phosphatase; MMP, matrix metalloprotease; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; and OSX, osterix.
(Hif1a) is a key signaling mediator of cellular hypoxic responses and is important for chondrogenesis [41 ,42] . Thus, Agarwal et al. [44] tested the possibility that targeting Hif1a may represent a treatment for HO. Using the scalp burn-Achilles tendon HO mouse model [35] , they found that Hif1a gene expression was indeed elevated at prospective tendon HO sites as indicated by immunostaining and gene expression analyses. Interestingly, a similar HIF1a upregulation was seen in fat tissue from burn patients compared to healthy controls. Systemic treatment of mice with pharmacologic Hif1a inhibitors -PX-478 or rapamycin -led to a significant decrease in tendon-associated HO as indicated by decreased expression of chondrogenic marker genes (Sox9 and aggrecan) and histological and mCT analyses. Notably, there were no major adverse effects of drug treatment on wound healing at the burn site or at the leg tenotomy site. Equally interesting was the finding that HO was substantially reduced in Hif1a-deficient mice in which floxed Hif1a had been conditionally ablated by mating with Prx-Cre mice (targeting the entire limb mesenchymal population) [44] . The study points to the novel possibility that targeting Hif1a may represent a promising new therapy for HO.
Injury to muscles and other soft tissues can cause dystrophic calcification [45] that may predispose the tissues to HO [46, 47] , but the mechanisms normally protecting injured tissues from calcification are unclear. Interestingly, Schoenecker and co-workers recently showed for the first time that plasminogen deficiency inhibited bone fracture healing while concurrently promoting HO in neighboring muscles [48] . The negative effects on bone repair were in line with the roles of plasminogen in tissue repair in general [49] . Considering the fact that plasminogen deficiency had been linked to sporadic liver calcification after injury [50] , the group set out to directly test plasminogen role in calcification and HO [51] . In global plasminogen-deficient mutant mice, cardiotoxin-induced or crush-induced muscle injury was associated with dramatic and rapid local dystrophic calcification that was followed by formation of endochondral HO masses over time. These responses were not observed in operated wild type littermates. Experimental down-regulation of a2-antiplasmin expression or treatment with pyrophosphate (a mineralization inhibitor) led to a marked reduction of both calcification and HO in operated plasminogen-deficient mice. This interesting study thus points to the possibility that increasing plasmin activity may represent a new pharmacologic therapy to prevent soft tissue calcification and subsequent HO while eliciting beneficial effects on tissue repair.
Treatments for congenital HO
HO in FOP patients is extremely aggressive and involves the extraskeletal accumulation of large amounts of endochondral bone masses throughout the body, resulting in severe interference with body function and even premature death [19] . HO in these patients is inoperable given that the disease is highly reactive and surgery causes recurrent and even more severe HO. Because the onset of HO formation is often preceded by local inflammation [52] , the current standard of care for FOP patients is a brief 4-day course of high-dose corticosteroids normally started within 24 hours of a flare-up [15] . The steroid treatment can lower inflammation, swelling and pain, but is not able to consistently reduce the frequency of progression of the flare-up to HO [15] . As indicated above, FOP patients carry mildly-activating mutations in ACVR1 encoding ALK2 [11 ,12] , a BMP receptor that under normal circumstances exerts pro-chondrogenic and proskeletogenic effects when activated by appropriate BMPs [22, 53] . Thus, therapeutic strategies conceived and tested over the last few years have aimed to block the over-active BMP signaling, using FOP mouse models.
In the first ever study of this type, Yu et al. [54 ] reported that systemic treatment with LDN-193189 -a selective inhibitor of BMP type I receptor kinases -did significantly reduce HO in the limbs of transgenic mice expressing an inducible and constitutive-active Acvr1 Q207D transgene [55] . LDN-193189 is a modified version of Dorsomorphin and had been optimized for pharmacokinetic characteristics and stability [56] . The authors found that LDN-193189 treatment reduced pSMAD1/5/8 levels and BMP signaling in the affected limb tissues expressing Acvr1 Q207D and, importantly, elicited beneficial effects on limb mobility and function compared to littermates receiving no treatment. In follow-up studies [57, 58] , the same group and collaborators developed a more potent drug inhibitor -LDN-212454 -that displayed a nearly 4-fold higher selectivity for BMP type I receptor kinases compared to related TGF-b and Activin type I receptors and also exhibited some selectivity for ALK2 versus ALK1 and ALK3. They found that LDN-212454 was able to markedly reduce HO in the Acvr1 Q207D -expressing mice, providing an important step ahead toward the ultimate creation of a highly selective and specific drug of this type to treat FOP.
The above study was particularly important also for its first proof-of-principle evidence that drug treatment can largely block genetically-driven HO. However, because the ligands involved in HO induction were not known at the time and because drugs targeting exclusively mutant ALK2 were, and still are, not available, we resorted to a different pharmacologic strategy. It had been known for several years that first, chondrogenesis requires transcriptional repressor action by unliganded nuclear retinoic acid receptors (RARs) [24 ] and second, treatment with natural retinoid agonists such as all-trans-retinoic acid (and ensuing reversal of transcriptional repression) blocks chondrogenesis in vitro and in vivo [59] . Additionally, genes involved in BMP signaling were found to be the most highly reduced by retinoid agonist treatment of chondrogenic cells, as revealed by transcriptome analyses [60] . Because chondrogenesis normally involves expression of unliganded RARa followed by RARg [61] , we tested the ability of synthetic retinoid agonists selective for either of these receptors to inhibit HO in Acvr1 Q207D -expressing mice [62 ] . We did find that systemic oral or subdermal administration of retinoid agonists powerfully inhibited HO, with the RARg agonists being far more effective. In vivo and in vitro experiments revealed that the agonists had blocked the chondrogenic phase of HO and that there was no significant rebound effect after drug treatment stoppage. Mechanistically, the agonists acted by blocking expression of master chondrogenic genes such as Sox9 while reducing canonical pSMAD1/5/8-mediated BMP signaling and promoting SMAD degradation via the proteasome. One of the most effective RARg agonists we identified was Palovarotene [63] and in a recent study, we demonstrated that this same drug effectively prevented HO in a conditional knock-in mouse model expressing ACVR1
R206H
, the most common mutation in FOP patients associated with classic disease presentation [64] . We found also that Palovarotene was more tolerated by mutant mice than wild type littermates, likely reflecting its ability to normalize BMP signaling in the mutants but lowering it in controls. It is notable and important to point out that our mouse studies have led to the testing of Palovarotene in a FDA-approved double blind and placebo phase 2 clinical trial with FOP patients that was initiated by Clementia Pharmaceuticals in July 2014 (ClinicalTrials.gov identifier NCT02190747) [65] . Clementia announced top-line results in October 2016 indicating that, promisingly, Palovarotene treatment led to reductions in: the fraction of patients developing HO; time of resolution of a flare-up; and patient-reported pain linked to the flare-up area. The trial is ongoing and is in an open-label extension at the moment.
Hatsell et al. recently uncovered an intriguing new aspect of HO pathogenesis in FOP and described a new potential treatment based on it [66 ] . Using cell lines overexpressing ACVR1 R206H , they found that the cells signaled via canonical pSMAD1/5/8 not only in response to various BMPs (including BMP6), but also activin A. This response was not observed in cells over-expressing wild type ACVR1. In these control cells, exogenous activin A interfered with responsiveness to BMP6 and pSMAD1/5/ 8 signaling (monitored via a BRE-Luc reporter) in agreement with a concurrent study showing that activin A normally has antagonist action on certain BMPs (BMP6 and BMP9) and canonical signaling [67] . Thus, the authors tested whether systemic administration of activin A neutralizing antibodies would be able to inhibit HO in conditional knock-in ACVR1 R206H -expressing transgenic mice they originally created, and found that the antibodies were indeed quite effective. In a follow-up study just published, the group asked whether the neo-function of activin A was only needed to initiate HO in FOP model mice or may be needed continuously [68] . They found that expansion of initial HO lesions involved growth and fusion of independent neighboring HO masses. Expansion appeared to dependent on activin A since expansion of pre-existing masses as well as emergence of new ones were both inhibited by activin A antibody treatment. The authors concluded that HO in FOP is initially induced by inflammation and activin A neo-function, and relies on activin A for further growth and expansion. The data provide further strength to the interesting possibility that antibody-based interference with activin A action may represent a novel treatment for HO in FOP patients.
At variance with FOP, HO in Progressive Osseous Heteroplasia (POH) develops via intramembranous ossification that involves the direct differentiation of skeletal progenitor cells into osteoblasts. Clinically, POH is diagnosed in infancy and initially presents with subcutaneous ossification sites that can spread into neighboring muscles and other soft tissues over time. The inactivating mutations in GNAS causing POH have been known for a while, but the molecular mechanisms leading to HO had remained unclear. In a significant step ahead, Regard et al. [69 ] showed that conditional ablation of Gnas f/f in mouse limb mesenchyme using Prrx1Cre mice caused extraskeletal mineralization and progressive HO of soft tissues. The same was seen when adenoCre particles were injected subcutaneously in 4 week-old Gnas f/f mice. Mutant progenitors isolated from subcutaneous or adipose tissue exhibited accelerated osteogenesis in vitro compared to controls [70] . In mutant cells as well as mutant tissues in vivo, there was up-regulation of hedgehog signaling -as indicated by increased Patched and Gli expression -that could have been pathogenic. Indeed, concurrent conditional ablation of Gnas and Gli2 with Prrx1Cre mice largely rescued the HO phenotype [69 ] . In sum, the study points to the strong possibility that pharmacologic inhibitors of hedgehog signalingincluding those in current clinical use against certain forms of cancer [71] -could represent a powerful treatment for HO in POH.
Conclusions and perspectives
Current clinical treatments for HO are based on the consistent observation that both acquired and genetic forms of HO (at least in FOP) are preceded by local inflammation and thus, the use of anti-inflammatory drugs is justified and can be beneficial. However, there has long be a need to create more effective and specific therapies, and the examples of recent studies described above do provide evidence of progress in this important biomedical arena. This progress was made possible by, and derives directly from, advances in cellular and molecular pathogenesis of HO that have allowed selection of drugs directed toward specific steps in pathogenic cascades, be it anti-Hif-1a drugs and plasmin in acquired HO or activin A antibodies and Palovarotene in FOP. Given the ability of hedgehog signaling to induce osteogenesis [72] , it is also possible that hedgehog antagonists could prove effective against HO in POH. We do not know whether any of these putative novel treatments will prove to be effective and safe in patients and which among alternative treatments for the same HO type will turn out to be most effective and safest, though early data on Palovatotene efficacy and safety in the ongoing FOP clinical trial are very encouraging. It should be noted that while I described therapeutic approaches for acquired HO separately from those for congenital forms of HO, this was done for illustration only. Indeed, some of the above novel treatments have actually been tested in both acquired and genetic mouse models, including Hif-1a antagonists and Palovarotene [44, 62 ]. In addition, it is important to point out other emerging treatments for HO, including interference with macrophage and mast cell function [73] and inhibition of excessive levels of active transforming growth factor-b found in neoforming HO lesions [74] . In sum, the current combination of basic biological analyses with translational medicine approaches is paving the way toward effective therapeutic resolutions of HO in all its forms, providing renewed hope to patients and their families alike that these debilitating diseases will one day be treatable.
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